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1
 Abbreviations used throughout this paper; GCMS (gas chromatography mass spectrometry), SEM (scanning 
electron microscopy), DSC (differential scanning calorimetry), EDX (energy dispersive X-ray spectroscopy).  
 2 
ABSTRACT 21 
 22 
Using cryo-SEM with EDX fundamental structural and mechanical properties of the moss 23 
Ceratodon purpureus (Hedw.) Brid. were studied in relation to tolerance of freezing 24 
temperatures. In contrast to higher plants, no ice accumulated within the moss during the 25 
freezing event. External ice induced desiccation with the response being a function of cell 26 
type; water-filled hydroid cells cavitated and were embolised at -4 °C while parenchyma cells 27 
of the inner cortex exhibited cytorrhysis, decreasing to ~20 % of their original volume at a 28 
nadir temperature of -20 °C. Chlorophyll fluorescence showed that these winter acclimated 29 
mosses displayed no evidence of damage after thawing from -20 °C while GCMS showed that 30 
sugar concentrations were not sufficient to confer this level of freezing tolerance. In addition 31 
DSC showed internal ice nucleation occurred in hydrated moss at ~-12 °C while desiccated 32 
moss showed no evidence of freezing with lowering of nadir temperature to -20 °C. Therefore 33 
the rapid dehydration of the moss provides an elegantly simple solution to the problem of 34 
freezing; remove that which freezes. 35 
 3 
INTRODUCTION 36 
 37 
In extreme climates (cold and/or dry) the availability of liquid water is one of the primary 38 
limiting factors determining carbon gain and plant growth. In such places the availability of 39 
liquid water is limited to “windows of opportunity” as rain falls or ice melts (depending on 40 
the location). These growing seasons will change as global climate changes and temperature 41 
extremes increase, thus affecting the functional biodiversity of plants. Increases in 42 
temperature, particularly minimum temperatures, with global climate change will affect the 43 
occurrence, severity and distribution of frost, including extreme freezing events. The species 44 
most likely to be affected by these are likely to occur in the cool to cold climates at high 45 
latitudes and high altitudes where seasonal temperatures and the length of the frost-free period 46 
are important determinants of the growing season (Chen, Burke & Gusta, 1995).  47 
 48 
Low temperatures are important determinants of species distributions, with freezing 49 
presenting major challenges to evergreen species in frost-prone climates (Sakai & Larcher, 50 
1987). Plants that tolerate freezing undergo seasonal change in acclimation which enables 51 
living cells to tolerate the dehydration that accompanies extracellular ice formation (Xin & 52 
Browse, 2000). Dehydration occurs because ice has a lower vapour pressure and chemical 53 
potential than pure liquid water at the same sub-zero temperature (and a similar pressure). 54 
Specifically, the water potential of ice declines by 1.2 MPa for each 1 °C below the 55 
equilibrium freezing temperature. Once the temperature of extracellular ice is lower than the 56 
freezing point temperature of an intracellular solution, water diffuses from cells to sites of ice 57 
formation, thereby dehydrating cells and their surrounding walls (Wolfe & Bryant, 1999)). 58 
The cellular damage that results from desiccation by freezing happens as a result of similar 59 
mechanisms that result from equilibration with dry atmospheres. Coping with extreme 60 
desiccation is thus fundamental to freezing tolerance. 61 
 4 
 62 
Variations in wall rigidity can affect vulnerability of living cells to both intracellular freezing 63 
and tension-induced cavitation during freeze/thaw events (Rajashekar & Burke, 1996). For 64 
example, in leaves of snow gum (Eucalyptus pauciflora) ray cells with rigid cell walls may 65 
supercool with no apparent change in volume, while phloem cells, also with rigid cell walls, 66 
can be vulnerable to intracellular freezing. In contrast, living fibers and mesophyll cells can 67 
undergo cytorrhysis in which both the cell wall and the cell maintain contact as they shrink 68 
together during freeze-induced desiccation (Ball, Canny, Huang & Heady, 2004). Such 69 
functional diversity between different cell types has further implications for water relations as 70 
heterogeneities in hydration can develop when water becomes redistributed during 71 
freeze/thaw events, with consequences for subsequent plant function (Ball, Canny, Huang, 72 
Egerton & Wolfe, 2006). Hence, cells cannot be considered in isolation and there is a need to 73 
understand both how differences in cell structure affect freezing tolerance of different cell 74 
types and how structurally diverse cell types affect the water relations of complex tissues 75 
during freeze/thaw events. 76 
 77 
Recent advances in Cryo-SEM and sample preparation techniques have been employed to 78 
study structural changes in complex plant tissue during freezing. However, these studies have 79 
focused on leaves and petioles of higher plants (Ball et al., 2004, McCully, Canny & Huang, 80 
2004, Roden, Canny, Huang & Ball, 2009) and little is known of the structural changes that 81 
occur in mosses, which are an important component of the vegetation at high elevations and 82 
latitudes. 83 
 84 
The ability of moss to survive severe desiccation was observed as early as 1912 (Irmscher, 85 
1912), and has recently been reviewed (Proctor, Ligrone & Duckett, 2007). Conversely, 86 
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relatively few studies have been undertaken regarding the low temperature tolerance and 87 
survival of mosses, although it has been shown that moss can survive both liquid nitrogen 88 
temperatures (-196 °C) (Bewley, 1973) and even liquid helium temperatures (0.05 °K) 89 
(Becquerel, 1951). In addition, the freezing tolerance of moss has been shown to increase with 90 
the addition of the plant growth regulator abscisic acid (ABA) (Minami, Nagao, Arakawa, 91 
Fujikawa & Takezawa, 2003, Oldenhof, Wolkers, Bowman, Tablin & Crowe, 2006) and it has 92 
been suggested that tolerance is related to accumulation of sugars, for example theanderose 93 
(Nagao, Oku, Minami, Mizuno, Sakurai, Arakawa, Fujikawa & Takezawa, 2006) or sucrose 94 
(Oldenhof et al., 2006). Further carbohydrate analysis has been undertaken by HPLC (Nagao 95 
et al., 2006) and gas-chromatography (GS) (Melick & Seppelt, 1994, Robinson, Wasley, Popp 96 
& Lovelock, 2000) showing higher sugar concentrations in freezing tolerant species. 97 
 98 
The present study focused of the moss Ceratodon purpureus (Hedw.) Brid., a cosmopolitan 99 
species found throughout the southeastern regions of Australia (Meagher & Fuhrer, 2003) and 100 
also in Antarctica (Davey, 1997, Robinson et al., 2000, Skotnicki, Ninham & Selkirk, 2000, 101 
Wasley, Robinson, Lovelock & Popp, 2006) where bryophytes (and lichens) make up the 102 
majority of terrestrial ecosystems. The objectives of the present study were to characterize 103 
structural changes in Ceratodon purpureus using cryo-SEM during a simulated freeze event. 104 
Three basic cell types were studied in intact thalli: hydroids, parenchyma, and epidermal. In 105 
addition, freezing temperatures were characterized by DSC and soluble carbohydrates 106 
concentrations were measured by GCMS to determine the potential freezing point depression 107 
of solutes.  108 
 6 
MATERIALS AND METHODS 109 
 110 
Samples 111 
 112 
The moss Ceratodon purpureus was harvested from the Canberra region in the Australian 113 
Capital Territory. An 8mm leaf corer was used to extract “plugs” of moss. The plugs were 114 
either used whole or had the soil removed leaving the rhizoids, stems and leaves intact.  Some 115 
samples, for GCMS, had the very top leaf portions removed for independent analysis. 116 
 117 
Freezing treatments 118 
 119 
Freezing treatments were applied to the moss using a Julabo FP45 temperature controlled 120 
water bath (Julabo Labortechnik, Seelbach, Germany). The cryo-SEM preparation and 121 
analysis necessitated the use of individual thalli. However, after freezing it became impossible 122 
to remove individual thalli from the moss plug without causing damage. Hence each sample 123 
set consisted of five moss plugs for PEA meter measurements and GCMS, and five individual 124 
thalli for the cryo-SEM analysis. Both the moss plugs and individual stems were placed in 125 
8ml (10mm internal diameter) Pyrex (Corning – Life Sciences, New York, USA.) test tubes. 126 
Five replicates of both stem and plugs were used for each temperature. Within each set of five 127 
replicates a thermocouple was placed in one test tube in contact with the moss and 128 
temperatures were recorded using a Datataker DT500 (Biolab (Aust) Pty Ltd trading as 129 
Datataker, Scoresby, Australia). The test tubes were suspended in the coolant bath at room 130 
temperature ~ 20 °C and temperature was reduced to -1 °C at 2 °C/hour and held at -1 °C for 131 
12 hours. Temperature was then reduced to -2 °C at 2 °C/hour and held for one hour while ice 132 
was applied to each sample to simulate frost, instigate ice nucleation and prevent super-133 
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cooling (Webb & Steponkus, 1993) . The cooling then continued to -4 °C at which point the -134 
4 °C sample set was removed (five test tubes with plugs and five test tubes with stems). The 135 
stems were cryo-fixed immediately by plunging into liquid Nitrogen and stored for analysis 136 
by Cryo-SEM. The plugs were placed in custom made PEA meter moss sample holders and 137 
refrigerated at +4 °C for 30 minutes to dark adapt and thaw. The plugs were then removed and 138 
the chlorophyll fluorescence parameter Fv/Fm was measured with a Hansatech Plant 139 
Efficiency Analyzer (PEA), (Hansatech Instruments Ltd. Norfolk, England). After this the 140 
plugs were cryo-fixed and stored under liquid nitrogen in preparation for analysis of 141 
carbohydrate contents by GCMS. The freezing treatment then continued to -8 °C at which 142 
point the -8 °C sample set was removed and the same procedure was performed on both the 143 
plugs and stems. The treatment continued with the same procedure to-20 °C.  144 
 145 
Differential Scanning Calorimetry (DSC) 146 
 147 
Perkin-Elmer (Norwalk, CT, USA) 10 µl Aluminium DSC pans and lids were weighed using 148 
a Mettler Toledo MX5 balance. An individual moss stem was placed in a pan and the 149 
pan/lid/sample were reweighed to obtain the sample (moss) mass. Moss stems were either 150 
used fresh (i.e. in the hydration state when harvested) or were hydrated shortly before 151 
experimentation, in which case excess water was removed with blotting paper. A Perkin 152 
Elmer Pryis 7 DSC with intracooler was then used to obtain the DSC scans. The experimental 153 
runs were started from either + 20 °C or + 40 °C (depending on the sample) and ramped to 154 
either - 20 °C or - 40 °C at 10 °C per minute, then back to the starting temperature at the same 155 
rate. The scan rate of 10 °C/min was not intended to be biologically relevant; whereby scan 156 
rates of the order 2 °C/hour would be more appropriate. Rather, high scan rates are needed in 157 
order to accurately measure the temperature and enthalpy of freezing events, which are not 158 
 8 
easily measurable at physiologically relevant cooling rates. Preliminary tests using slow 159 
cooling rates (0.2 °C/min) showed no discernable change in the transition temperatures. 160 
 161 
This cycle was repeated to ensure consistency in the results. Only when the results from two 162 
consecutive cycles were repeatable were they used for analysis. The Perkin-Elmer software 163 
was used to determine the peak position, peak area and phase transition (ice nucleation) onset 164 
temperature. Onset temperatures are found by extrapolating the tangent of the peak slope back 165 
to the base line. Because the peak position can be dependent on the ramp rate, for these types 166 
of experiments it has become standard practice to report the onset temperature rather than the 167 
peak positions (Koster, Lei, Anderson, Martin & Bryant, 2000, Koster, Maddocks & Bryant, 168 
2003, Koster, Webb, Bryant & Lynch, 1994).  169 
 170 
At the completion of the experiment, the top of the DSC pan was pierced and the pan was 171 
placed in an oven at 80 °C for 3 days. The pan/lid/moss was then reweighed to determine the 172 
water content of the moss. 173 
 174 
Cryo-SEM and EDX 175 
 176 
Cryo-fixed Individual stems from the aforementioned freezing treatment were fractured and 177 
mounted onto SEM sample stubs under liquid nitrogen. The samples are then planed at  178 
–90 °C using a Reichert-Jung (Leica) Ultra-cut FC4 (Leica Microsystems, Watzlar, Germany) 179 
following the technique outlined in (Cheng X. Huang, Martin J. Canny, Kenneth Oates & 180 
McCully, 1994). The cross-sectioned moss stems were imaged using a Hitachi S-4300 SE/N 181 
Scanning Electron Microscope (SEM) with an Oxford CT1500 cryo-stage. Images were then 182 
analysed using the ImageJ software (National Institute of Health, USA.). Energy-dispersive 183 
 9 
X-ray spectroscopy (EDX) was performed using an Oxford (Oxford Instruments, Oxfordshire, 184 
UK.) Inca Penta FET EDX. See (Cheng X. Huang et al., 1994) for details on the analysis of 185 
the EDX spectrum.  186 
 187 
GCMS 188 
 189 
Samples for gas chromatography/mass spectrometry (GCMS) were weighed using a Mettler 190 
Toledo XP205 (Columbus, OH, U.S.A.) then transferred to a mortar and pestle and ground to 191 
a fine power in liquid nitrogen. Grinding continued until the liquid nitrogen had evaporated at 192 
which point 70 % EtOH:H2O was added and the solution was transferred into a centrifuge 193 
tube and centrifuged at approximately 3000 x g for 5 minutes. 60 µl of the supernatant was 194 
transferred to an autosampler vial and 50 ul of internal standard (adonitol, x mg/mL) solution 195 
was added. The solution was blown down under nitrogen and residual water evaporated as an 196 
azeotrope with dichloromethane. The dried residue was then dissolved in pyridine (15 µl) to 197 
which BSTFA (N, O-bis(trimethylsilyl)trifluoroacetamide, 15 µl) was added before heating at 198 
60 °C for 15 minutes.  199 
 200 
Samples were injected (0.2 – 1.0 µl injection volume) via an autosampler onto a fused-silica 201 
capillary column (30m x 0.25mm id) coated with a 70% cyanopropyl polysilphenylene-202 
siloxane bonded phase (SGE Pty Ltd, Melbourne; BPX70, thickness 0.25µm) which was 203 
eluted with He (inlet pressure 15 psi) directly into the ion source of a Thermo Polaris Q 204 
GC/MS (injection port 200oC; interface 250oC; source 200oC).  The column was temperature 205 
programmed from 60oC (hold 1 min) to 240oC (hold 5 min) at 10oC/min.  The mass 206 
spectrometer was operated in the electron impact ionisation (EI) mode with an ionisation 207 
energy of 70 eV. 208 
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 209 
Image analysis 210 
 211 
ImageJ software (National Institute of Health, USA.) was used to measure stem and cell 212 
cross-sectional areas and perimeters to quantify changes in these parameters during cooling.  213 
 214 
Statistical analysis 215 
 216 
REML statistical analysis was performed using GenStat Eleventh Edition, version 217 
11.1.0.1575 (VSN International Ltd, Hemel Hempstead, UK.) 218 
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RESULTS 219 
 220 
Figure 1(a) shows a transverse section of one of the control samples, cryo-fixed at room 221 
temperature. The conducting strand (CS) is visible in the centre of the stem, making up 222 
approximately 10 % of the cross-section. Adjacent to the CS and comprising the majority of 223 
the stem (~ 80 % of the cross-section) is the inner cortex (IC) made up of thin walled 224 
parenchyma cells. Adjacent to the IC, making up an epidermal layer, is the outer cortex (OC), 225 
visible as a darker band of smaller thicker walled cells around the circumference of the stem. 226 
Also visible, on either side of the stem, are cross-sectioned leaves (L). The leaves themselves 227 
are only one cell layer thick, while the thicker leaf costa (LC) (analogous to a leaf mid-vein) 228 
is several layers thick. The region between the stem and leaf and surrounding the sample is 229 
the Tissue Tek (Sakura Finetechnical Co., Tokyo, Japan) in which the sample was mounted. 230 
Although not previously imaged by cryo-SEM, the observations here are entirely consistent 231 
with previous work (see (Hébant, 1977) and references therein). The advantage of using a 232 
Cryo-SEM is that it enables imaging of hydrated samples (previous SEM instruments 233 
necessitated completely desiccated samples), facilitating visualization of the location of water 234 
(at the time of cryo-fixing). 235 
 236 
Figures 1(b) and 1(c) show differences between the IC cells and the hydroid cells of the CS. 237 
The appearance of the water conducting hydroid cells is characteristic of cells that were full of 238 
water at the time of cryo-fixing, with no internal cell structures visible. The small spherical 239 
structures visible throughout the hydroid cells are typical of the eutectic domains caused by 240 
the exclusion of solutes during the rapid freezing rates achieved by cryo-fixing (McCully, 241 
Shane, Baker, Huang, Ling & Canny, 2000). The inner cortex cells have a different 242 
appearance and display characteristics of cells that were living at the time of cryo-fixing. 243 
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Figure 1(d) shows one half of the transverse section highlighting the variation in cell type 244 
from the centre to exterior of the stem. Within the IC there is a noticeable reduction in cell 245 
size and thickening of cell wall towards the exterior, then a significant reduction in cell size 246 
and thickening of cell wall in the OC. The change in cell size and wall thickness in the OC 247 
cells are consistent with previous observations. However, an interesting observation is that the 248 
OC cells have a similar appearance to the CS cells suggesting that they might also be full of 249 
water, or at least, might have a different function to that of the IC cells. This will be discussed 250 
in further detail later. 251 
 252 
In Fig 2 the sample has been cryo-fixed after cooling to -4 °C.  Figure 2(a) shows a transverse 253 
section of the stem in which the same general features are visible (CS, IC, OC, L, LC) as in 254 
Fig 1(a). Some notable differences are that the cross-sectional area of the stem is reduced 255 
resulting in the distorted appearance of the cross-section (it is no longer circular). In addition 256 
the CS cells no longer contain water, they are quite clearly emptied (highlighted in Fig 2(c)). 257 
Accompanying the reduction in overall stem area is a reduction in the area of the IC cells, 258 
shown in Fig 2(b). The cell walls collapsed with the dehydrating cells (cytorrhysis) and 259 
maintained contact with their neighboring cells taking on a jigsaw-like appearance, leaving no 260 
space between the cells for ice to form. Another interesting feature is shown in Fig 2(d), 261 
where it appears that the OC cells have cavitated and now appear empty, much like the CS 262 
cells, again suggesting they were water filled. Their area appears also not to have been as 263 
affected by the cooling/desiccation. It could be possible their increased wall thickness inhibits 264 
rapid volumetric changes resulting in cavitation and perhaps also the damage visible in the 265 
cell walls (Fig 2(d)). If the wall damage was due to desiccation then perhaps the orientation of 266 
the wall damage, in all cases on the side of the cell closest to the exterior of the stem, 267 
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indicates directionality of water movement, towards the exterior of the stem (and the external 268 
ice).  269 
Figure 3 shows a sample which has been cryo-fixed after being cooled to -8 °C. Figures 3(a) – 270 
(d) show all the same features as Fig 2(a) – (d) but with all the area/volumetric changes 271 
amplified. There is additional shrinkage of both the entire stem as well as the IC cells and 272 
both the SC and OC cells have again been emptied. 273 
 274 
When the sample was cryo-fixed at -12 °C (Fig 4a), the volumetric reduction was so severe 275 
that none of the internal features of the stem were visible. It is likely that that the diamond 276 
knife planning compounded this problem by “smudging” the surface of the section. Both the 277 
shrinkage and smudging were greater in samples cryo-fixed at -20 °C (Fig 4b). 278 
 279 
Figures 5(a) and 5(b) show the average stem cross-sectional area and perimeters respectively, 280 
as a function of nadir temperature. There was a clear reduction in cross-sectional area 281 
apparent in Fig 5(a) with an average reduction in cross-section of approximately 85 % over 282 
the temperature range, while only a ~ 40 % reduction in perimeters over the same temperature 283 
range. Similar observations are made in Figs 5(c) and 5(d), showing the average IC cell areas 284 
and perimeters. As these cells make up the vast majority of the stem it is unsurprising that the 285 
proportionality of the changes is also very similar to that of the stems, with approximately 80 286 
% reduction in average IC cell area and ~ 37 % reduction in average IC cell perimeter across 287 
the temperature range. 288 
 289 
With cell areas reducing significantly (although it is not specifically measured it would not be 290 
too severe an assumption to say that cell volume was also reduced) and perimeters (hence 291 
surface areas) only undergoing a moderate reduction, we can use the analogy of a prune to 292 
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describe the appearance of the cell in 3 dimensions, accounting for the warped and “puzzle-293 
piece” like appearance of the 2-D cross-sections in Figs 2 and 3. This feature can be 294 
quantified by equation 1 which uses a ratio of area and perimeter to get a measure of 295 
circularity (M). M should have a value of 1 if the cell were perfectly circular. The results are 296 
shown in Table 1 showing a clear reduction in circularity with volumetric reduction, and a 297 
strong similarity between the stem and IC circularity values.  298 
 299 
2)(
)(4
perimeter
areaM pi=      (1) 300 
 301 
One of the advantages of desiccating before/during freezing is reducing the likelihood of 302 
intracellular ice formation. Figure 6 highlights the effect of desiccation on intracellular 303 
freezing. Figure 6 shows DSC scans for two samples of Ceratodon, one at an intermediate 304 
hydration, (Fig 6(a)) and one dry (Fig 6(b)).  For the hydrated moss (Figure 6(a)) the cooling 305 
scan (the lower curve) exhibits a peak corresponding to the freezing of water at ~ -12 °C. 306 
Upon closer inspection it can be seen that there are two distinct peaks, a sharp peak at ~ -12 307 
°C followed by a second broader peak. One possible interpretation of this difference may be 308 
that the first peak corresponds to the initial freezing of the apoplastic water followed by a 309 
much slower diffusion of symplastic water to sites of ice accumulation, as observed in leaves 310 
of snow gum (Ball, Wolfe, Canny, Hofmann, Nicotra & Hughes, 2002). However, the fast 311 
scan rates used in the present study means that movement of water would have been 312 
insignificant during freezing. Instead, the sharp peak is most likely correlated to the freezing 313 
of the water filled CS cells, which are homogeneous in both cell size and contents (water 314 
only). The second broader peak is most likely due to freezing of the IC cells, which have 315 
heterogeneity of both the size and contents, and thus would be expected to freeze at a range of 316 
temperatures.  317 
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 318 
A fundamental difference between these DSC experiments and the water-bath freezing 319 
experiments is that here the cooling took place in the absence of external ice; therefore the 320 
moss did not desiccate during cooling. Figure 6(a) therefore represents a worst case scenario 321 
with exposure of hydrated moss to freezing temperatures, leading to intracellular freezing and 322 
most likely severe damage.  From Figs 1 through 4 we can see that in the presence of external 323 
ice the moss preferentially desiccates during “freezing” temperatures; a scenario which is 324 
replicated in Fig 6(b). In this case the moss was used in a naturally dry state (mass fraction 325 
water 0.05). Here we see no evidence of any phase change down to – 20 °C confirming that 326 
intracellular ice formation is unlikely to occur in dehydration states often found in nature. 327 
Even in the worst case scenario, the intracellular freezing doesn’t occur until well below the 328 
minimum temperatures encountered in the region from which these mosses were harvested.  329 
 330 
The accumulation of solutes is a common feature in a large number of freezing tolerant plants 331 
(Koster & Lynch, 1992) having benefits in equilibrium freezing point depression (Wolfe & 332 
Bryant, 2001) as well as a range of volumetric and osmotic effects (Wolfe & Bryant, 1999). 333 
Therefore another potential benefit afforded by a reduction in cellular volume is the rapid 334 
increase of cellular solute concentrations. As sugars are common compatible solutes, GCMS 335 
was undertaken to obtain a measure of sugar concentrations in Ceratodon. Figure 7 shows an 336 
example of one of the total ion chromatograms with the main constitutes shown (upper panel), 337 
with the mass spectrum of the major peak (sucrose) at 15.24 min shown in the lower panel. 338 
The mass spectra were verified by running a series of sugar references (not shown). 339 
Quantification of the results was enabled by the use of an internal standard (idonitol). The 340 
quantified results are shown in Fig 8. From these results an estimate can be made relating the 341 
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increase in solute concentration to the volumetric reduction, and the resulting affect on the 342 
equilibrium freezing temperature. This point will be discussed later.  343 
An intriguing observation from the cryo-SEM images is that of the OC cells. Their internal 344 
appearance is generally similar to the CS cells (see Fig 9a and 9b) in that they appear devoid 345 
of internal structures and also cavitate/empty upon freezing/desiccation. Both of these 346 
observations suggest these cells contain water however no mention of either water storage or 347 
conducting cells in the OC region was found in the literature.  To test the hypothesis that these 348 
cells are water filled, EDX analysis was performed on 6 of each of the CS, IC and OC cells in 349 
two of the control samples. Table 2 shows the averaged results from two of the control 350 
samples for the 7 elements tested. 351 
 352 
Potassium concentration is a key indicator of cellular function with concentrations of 353 
approximately >50 mM needed (Facette, McCully & Canny, 1999, Huang & Van Steveninck, 354 
1988, McCully, 1994, McCully, Canny & Vansteveninck, 1987) for protein synthesis. The IC 355 
cells show potassium concentrations of approximately 80 mM, consistent with normal cellular 356 
function (at the time of cryo-fixing), whereas both the CS cells and the OC cells have 357 
potassium concentrations below 10 mM indicating a lack of cellular function. Additionally, 358 
there is also no statistical difference between the potassium concentrations of the CS cells and 359 
the OC cells, suggesting that it is highly probable that both the CS cells and the OC cells are 360 
full of water. The implication is that the OC cells may either transport or store water. 361 
 362 
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DISCUSSION 363 
 364 
The results of the present study provide morphological and chemical evidence that the moss 365 
Ceratodon purpureus tolerates freezing temperatures mainly through avoidance of freezing. 366 
Unlike higher plants, the epidermis of Ceratodon provided little barrier to movement of water 367 
between the moss and its external environment. Consequently, the moss readily dehydrated 368 
when in contact with external ice. This freeze-induced dehydration included two main 369 
components: cavitation of water-filled conduits and cytorrhysis of living cells. 370 
 371 
Freeze-induced cavitation of unfrozen conduits 372 
While non-vascular, Ceratodon possesses a central core of water-filled hydroids. The 373 
hydroids became embolized during dehydration of the moss thalli in response to external ice 374 
with cooling from -2 to -4 ºC (see Fig 2) when the water potential (Ψ) of ice would have 375 
declined from -2.4 to -4.8 MPa. Freeze-induced cavitation of unfrozen hydroids apparently 376 
occurred with the development of tension as water diffused from thalli to external sites of ice 377 
accumulation. Vascular conduits of higher plants are also vulnerable to embolism as a 378 
consequence of freeze/thaw events (Davis, Sperry & Hacke, 1999). However, cavitation 379 
occurs during thawing (Ball et al., 2006) when bubbles created by freezing of conduit water 380 
can expand under tension (Davis et al., 1999). Thus, freeze-induced loss of hydraulic function 381 
appears to involve different mechanisms in moss and higher plants.  382 
 383 
Cytorrhysis of living cells 384 
Cytorrhysis of the living cells of Ceratodon occurred during freeze-induced dehydration to 385 
20% of the original volume at a nadir temperature of -20 °C (Fig 5). This shrinkage occurred 386 
with no creation of spaces in which ice could accumulate within the moss (Figs 2 – 4). Hence, 387 
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freeze-induced dehydration of Ceratodon involved transfer of water from the moss to the 388 
environment. This contrasts with higher plants in which freeze-induced dehydration of living 389 
cells leads to accumulation of ice in safe locations within living tissues. Such sites of ice 390 
accumulation include non-living cells of the xylem (Ball et al., 2002, Roden et al., 2009) and 391 
extracellular spaces that either pre-exist such as lacunae (Hacker & Neuner, 2007) or 392 
mesophyll gas spaces (Ball et al., 2002) or are created through the reversible shrinkage of 393 
either individual cells or groups of cells that retain their connections with each other (Ball et 394 
al., 2004, McCully et al., 2004). In this way, the water lost from cells in higher plants is 395 
stored as ice within the tissue and can be resorbed on thawing, provided that cells are 396 
acclimated to tolerate dehydration at freezing temperatures (Ball et al., 2004, McCully et al., 397 
2004). Thus Ceratodon loses water while higher plants retain water liberated by freeze-398 
induced dehydration of living cells.  399 
 400 
Another aspect of the cytorrhysis observed here that differs from that of higher plants is the 401 
response of the cell walls to cellular shrinkage. During cytorrhysis in higher plants the cell 402 
wall perimeters decrease with cross-sectional area (Canny & Huang, 2006) so that the cell 403 
retains nearly the same shape both before and after cytorrhysis. In the present study the cell 404 
wall perimeters of the IC cells in Ceratodon reduced by only 45 % while the cross-sectional 405 
area reduced by 83 % resulting in a dramatic change in the shape of the cells after cytorrhysis 406 
(Fig 4). This is in contrast to the thicker walled OC cells which did not shrink during freezing, 407 
a fact which may have contributed to their cavitation. 408 
 409 
As previously mentioned there are a number of potential benefits resulting from desiccating 410 
during low temperatures. Increasing solute concentrations, and hence osmolarity, results in a 411 
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reduction of the equilibrium freezing temperature of the solution. Reducing the cellular 412 
volume is one way of increasing cellular solute concentrations. 413 
 414 
The ability to rapidly adjust solute concentrations is a potentially useful tool in surviving 415 
rapid changes in temperature. This is particularly relevant in places that experience significant 416 
temperature fluctuations during both day/night cycles and throughout the day, such as 417 
Antarctica where moss make up the bulk of terrestrial vegetation (Robinson et al., 2000). 418 
Solute accumulation typically takes place over a period of days, months or seasons. 419 
Desiccating and reducing cell volume as a response to freezing temperatures facilitates a rapid 420 
increase in cellular solute concentration. Increasing the solute concentration in this way is far 421 
more rapid than solute acclimation, allowing the moss to rapidly cope with changes in 422 
temperature. To get an estimate of how rapidly these changes can occur,  equation 2 is used to 423 
obtain an estimate of the time for hydraulic equilibrium (Wolfe & Bryant, 2001). 424 
 425 
)3( opΠ
=
L
d
τ       (2) 426 
 427 
Where; τ is the characteristic time for hydraulic equilibration, d is a characteristic cellular 428 
dimension, Lp is the hydraulic permeability of the membrane and Πo is the osmotic pressure. 429 
Using an average value for the IC cells d ~ 20 µm and typical values for Lp ~ 0.1 pm s-1 Pa-1 430 
and Πo ~ 1 MPa, we can estimate the characteristic time to be of the order of 60 seconds. 431 
Despite being only an order of magnitude estimate, it is clear that this is significantly faster 432 
than any seasonal, or even daily, variations in solute accumulation.  433 
 434 
The GCMS results (Fig 8) show total sugar concentrations of approximately 7mg sugar per g 435 
moss. The average mass of the GCMS samples was 55mg giving sugar concentrations of 436 
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approximately 0.385mg per thallus. The average mass fraction of water is approximately 0.70, 437 
meaning each thalli would have ~ 0.0385g of water, yielding a sucrose molality of 29.2 milli 438 
molal. The molality can be related to the freezing point depression using equation 3. 439 
 440 
i⋅⋅=∆ mKT ff     (3) 441 
 442 
where Kf = 1.853 K.kg/mol for water. Using equation 3 we find that the freezing point 443 
depression of the initial solution (molality 0.0292M) is only 0.05 K; however, Fig 5 showed 444 
that the cross sectional area was reduced to approximately 20% of the control value at a nadir 445 
temperature of – 20 °C. As volume is proportional to area for a pseudo cylindrical object, we 446 
can assume that the volume is reduced to ~20% of its original value, so the concentration of 447 
sucrose is increased by a factor of 5, giving a maximum freezing point depression of just  448 
0.27 K. Despite the approximations in this analysis, it is clear that sugars alone can not 449 
account for a freezing point depression of 20 °C.  450 
 451 
Does freezing of Ceratodon occur under natural conditions? 452 
The results of the present study suggest that freezing of Ceratodon would be unlikely under 453 
natural field conditions. Winter acclimated thalli of Ceratodon supercooled to -12 ºC when 454 
fully hydrated (Fig 6a). The nucleation of ice at -12 °C occurred with a bimodal exotherm 455 
suggesting initial freezing of water in hydroids, similar to the initiation of freezing within 456 
vascular conduits of higher plants (Ball et al., 2002, Hacker & Neuner, 2007). However, 457 
condensation of frost on external moss surfaces at warmer freezing temperatures under natural 458 
conditions would dehydrate the moss, cavitating hydroids and further depressing intracellular 459 
freezing temperatures (Fig 6b). Thus, freezing is unlikely to occur within Ceratodon unless 460 
hydrated moss cooled at rates too rapid for frost formation. In this way, the capacity for 461 
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supercooling combined with rapid dehydration would effectively reduce the probability of 462 
internal ice formation, enabling Ceratodon to tolerate freezing temperatures by avoidance of 463 
freezing even in cold alpine and polar climates.  464 
 465 
Strategies of frost tolerance 466 
Recent advances in the ability to visualise hydrated tissues with cryo-SEM have provided 467 
opportunities to observe the distribution of ice and associated changes in structure of complex 468 
tissues during freezing events. Comparison of the structural changes that occurred in 469 
Ceratodon with those in higher plants during freeze events gives insight into strategies of 470 
freeze tolerance. It is popular to classify plants that cope with freezing temperatures as 471 
employing mechanisms of either avoidance or tolerance of internal freezing. However, these 472 
designations are somewhat misleading. We know of no plants that tolerate freezing of living 473 
cells, and hence all plants avoid the freezing of living cells but differ in the way avoidance is 474 
achieved. A dichotomy occurs because some plants (and cell types) avoid freezing while fully 475 
hydrated whereas others avoid freezing by dehydration. The latter group of plants can be 476 
further subdivided into those which store the water released by dehydration in internal sites 477 
where ice can safely accumulate and those, like Ceratodon, which simply lose the water to the 478 
environment.  479 
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Table 1. Circularity values (M) derived from equation (1) using data from the cryo-SEM 594 
images  595 
 596 
 Control - 4 °C - 8 °C - 12 °C - 20 °C 
Stems 0.44 0.35 0.33 0.33 0.26 
IC cells 0.45 0.34 0.30 0.28 0.24 
 597 
 29 
Table 2. Elemental analysis using energy dispersive X-ray spectroscopy (EDX). Results 598 
shown are the average of 6 replicates from 2 control samples.  599 
 600 
Cell Type Na (mM) Mg (mM) P (mM) S (mM) Cl (mM) K (mM) Ca (mM)  
CS 36.49 9.65 12.59 1.97 5.97 7.42 6.83  
IC 21.30 14.51 36.14 30.64 1.61 80.96 10.41  
OC 7.76 22.87 11.57 4.55 4.70 5.77 62.03 
 601 
 602 
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FIGURE LEGENDS 603 
 604 
Figure 1. A transverse section of a stem of Ceratodon purpureus from the control set, cryo-605 
fixed from room temperature. 1(a) transverse section of the whole stem; visible are the 606 
conducting strand (CS), inner cortex (IC), outer cortex (OC), a leaf (L) and leaf costa (LC). 607 
Some minor damage inflicted during the cryo-planning is visible on the left hand side of the 608 
stem. Data bar = 100 µm. 1(b) and (c) show higher magnification transverse sections of inner 609 
cortex and hydroid cells (conducting strand cells) respectively. Data bar = 10 µm for both 610 
Figs (b) and (c). 1(d) shows a portion of the transverse section whereby the differences in cell 611 
size and wall thickness approaching the epidermal layer is clearly visible. Data bar = 50 µm. 612 
 613 
Figure 2. A transverse section of a stem of Ceratodon purpureus that was cryo-fixed after a 614 
freeze to -4 °C. 2(a) shows a transverse section of the whole stem. Data bar = 200 µm.  2(b) 615 
(data bar = 25 µm) and (c) (data bar = 10 µm) show higher magnification transverse sections 616 
of inner cortex and hydroid cells respectively.  2(d) shows a portion of the transverse section 617 
in which some cavitated outer cortex cells are visible. Data bar = 20 µm. 618 
 619 
Figure 3. A transverse section of a stem of Ceratodon purpureus that was cryo-fixed after a 620 
freeze to -8 °C.  3(a) transverse section of the whole stem. Data Bar = 100 µm. 3(b) (data bar 621 
= 10 µm) and (c) (data bar = 5 µm) show higher magnification transverse sections of inner 622 
cortex and hydroid cells respectively.  3(d) shows a portion of the transverse section in which 623 
some cavitated outer cortex cells are visible. Data Bar = 25 µm. 624 
 625 
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Figure 4. Transverse sections of stems of Ceratodon purpureus that were cryo-fixed after a 626 
freeze to -12 °C (Fig 4(a), data bar = 100 µm.), and -20 °C (Fig 4(b), data bar = 50 µm). No 627 
conducting strand or hydroid cells are visible. 628 
 629 
Figure 5. Stem cross-sectional areas (a) and perimeters (b) and inner cortex cross-sectional 630 
areas (c) and perimeters (d) as functions of nadir temperature. 631 
 632 
Figure 6. DSC scans (at 10 °C/min) for isolated stems of Ceratodon purpureus for a stem at 633 
an intermediate hydration state (a), with a mass fraction (Mw) water Mw = 0.29 (hydrated 634 
shortly before the experiment); and (b), a dry (as harvested) stem with a mass fraction (Mw) 635 
water of 0.05. (Note that what appear to be peaks (endotherms / exotherms) at the start and 636 
end of the experiment are only due to variations in the heat flow as the instrument starts / ends 637 
the experiment and are not related to any phase changes in the sample).  638 
 639 
Figure 7. Total ion chromatogram (TIC) of a silylated moss extract (a). The major component 640 
was identified from its mass spectrum (b) as sucrose (Rt 15.2 min). The identity was 641 
confirmed by comparison with an authentic standard. Sugars were quantified against the 642 
internal standard adonitol. 643 
 644 
Figure 8. Mean sugar concentrations determined by GCMS for both the whole stems (black 645 
columns) and isolated leaves (grey columns) for three sugars, glucose, sucrose and trehalose 646 
(LSD, p < 0.01).  647 
 648 
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 32 
Figure 9.  Typical inner cortex cells and outer cortex cells from a control sample (a). Note the 649 
outer cortex cells appear to be water filled (data bar = 10 µm). After cooling to a nadir 650 
temperature of -4 °C (b) (data bar = 10 µm), the out cortex cells have cavitated.  651 
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Figure 2 675 
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Figure 3 695 
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